Characterization of some autoionization resonances in CO,
using triply differential photoelectron spectroscopy
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We report vibrationally resolved branching ratios and asymmetiry parameters for two sets of autoionizing
resonances in CO, near 680 and 750 A. These resonances were excited with monochromatized synchrotron
radiation from the National Bureau of Standards storage ring and the energy and angle of ejection of the
photoelectrons were analyzed. The results show striking non-Franck-Condon behavior.

1. INTRODUCTION

The CO, molecule has historically attracted consider-
able attention in molecular physics for several practical
reasons. For example, CO, is of central importance in
the processes of living systems and the photochemistry
of CO, is of considerable importance in atmospheric
modeling. The disposition of CO, in atmospheric model-
ing in part will determine equilibrium temperatures of
the earth, In addition, CO, is a constituent of at least
one extraterrestial atmosphere, that of Mars!™® and pho-
toionization is thought to play a roie in the observed
emission spectra. In addition to these reasons we have
interest in CO; as a prototype for photoionization studies
in linear triatomic molecules. COj has a rich auto-
lonization structure in the first 8 eV above the ionization
onset and we have chosen several isolated resonance re-
gions to map out the effects of the autoionization on the
photoionization dynamics in the alternative vibrational
ionization channels.

McCulloh* performed a high resolution (0.22 A) photo-
ionization study of CO, and its fragments CO* and O*.
Earlier studies had suffered from poor spectral resolu-
tion or lack of mass discrimination.?~® McCulloh’s
photoionization spectra shows a variety of rich structure
characteristic of autoionization. This structure is im-
portant in the threshold region (~ 900 A) and in the region
of 650-800 A with weaker structure elsewhere. Some
of the structure has been identified® as high Rydberg
states which have as their limits the A, B, and C states
of the molecular ion. In particular, we have looked at
the sharp autoionizing lines at 753.9, 752.2, and 747.6
A. The first and third are the #»=5 members of the
Tanaka-Ogawa'® series with o' =0 and ¢’ =1, respec-
tively. The major peak at 752.2 A rises to a cross sec-
tion value of about 200 Mb and is identified with the n=3,
v’ =0 of the Henning sharp series,'™!! Recently, Fridh
et al. have re-examined the assignment on the Henning
sharp series and given a lower quantum defect by one
unit hence giving this peak a principal quantum number
of 3.1 We will use the more recent designation in this
paper. The transitions are further discussed and de-
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signated by Fridh ef al.'* The Tanaka-Ogawa series
has as its limit the A state of CO} at 17. 32 eV and the
Henning sharp series has as its limit the B state of COj
at 18,076 eV. In addition, we studied two members at
678.9 and 682.9 A of the emission and absorption series
which have as their limit the C state of COj at 19, 39

eV. The first is an absorption minima and is designated
n=4, v’ =0 and the second an absorption maxima with
n=4 and v’'=0.'% These lines are summarized in

Table I.

We have performed angularly resolved, vibrationally
resolved, variable wavelength photoelectron spectro-
scopy (hence the term triply differential) on these auto-
ionization features. The differential cross section for
the photoionization process of an isolated atom or mole~
cule in the dipole approximation can be written

Zgzv =g_; [1+§4—" (3Pc0526+1)J ,
where ¢, =cross sectionfor the given vibrational channel
Bv =corresponding asymmetry parameter for the pro-
cess, P=polarization of light, where P =1 would mean
the light is entirely horizontally polarized, and 6 =angle
between the horizontal component of the electric field
vector and ejected electron direction in a plane perpen-
dicular to the propagation vector. Assuming the pres-
sure of the sample is constant, the number of electrons
ejected per unit light flux N, is proportional to o,
hence,

dN, N, B

——="114+=2(3Pcos26+1)] .

@ ar 3 (3Pcos26+1)
TABLE 1. Autoionizing lines studied here.
A &) Designation Limit Reference
753.9 5, TO (Tanaka-Ogawa) A, 10
752.2 3o S (Hennings Sharp) B2g3, 10, 12
747.6 5, TO Aln, 10
682.9 4, ciz} 10, 11, 12
678.9 4, ctz 10, 11, 12
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As a consequence, by measuring the number of elec-
trons as a function of angle, the g parameter and
branching ratio can be determined. The branching ratio
is just N,/Z N, or the fractional number for a given
vibrational channel. These numbers can be directly
compared to the Franck-Condon factors. The major
large scale features of the angular distributions of photo-
electrons in CO, has been mapped out recently. 1314
Swanson et al.*® and Dittman et al.*® have calculated

the asymmetry parameter as have the authors of Ref. 14
using the multiple scattering model. The results are

in generally good agreement with the results of Refs.

13 and 14. The multiple scattering model is, however,
a single electron model with effective potentials and does
not deal with the effects of autoionization. In addition,
the survey work in Refs. 13 and 14 ignored effects on the
fine mesh we report here. Recently, Padial ef al.!?
have calculated the photoabsorption partial cross section
for CO, and have calculated the energy levels of the vari-
ous aufoionizing features. Their results are for pri-
marily vibrational averaged measurements and do not
directly address the present experiment. Their cal-
culations however do support the spectroscopic designa-
tions suggested by Fridh et al,'?

The effects of autoionization on the asymmetry param-
eters and branching ratios in moleculés have been the
subject of recent investigations in O,, '* CO,® N,, 2° and
C,H,.2""?% In all cases, it was found that the branching
ratios and the asymmetry parameters varied over the
region of a resonance. In addition, in C,H,, it was
found that additional vibrational modes became excited
in resonance regions over what was seen in a 584 A
photoelectron spectrum, This non-Franck—-Condon be-
havior is due to the effect of the intermediate autoioniz-
ing state which couples the initial state of the neutral
and final state consisting of the ion plus photoelectron.

The 584 A photoelectron spectrum of C0,%™%7 shows
four states with the following adiabatic I, P.’s. The
X%y at 13.78 eV, A%Nu at 17.32 eV, the B®Zu at
18.08 eV and the B%Z) and C%%} at 19.39 eV. There is
general agreement by the various authors on the energy
levels. Workusing variable wavelength threshold photo-
electron spectroscopy has indicated additional vibrational
excitations in the ground state of the molecule ion. 2
In addition to determining the Renner parameter, the
v, frequency of the ground state of the molecular ion was
determined. For the analysis in this study, we will use
the values of the vibrational parameters as determined
by Frey et al. ,? these are v, =1240 cm™ and v, =508
cm™,

The work reported here consists of stepping through
the indicated autoionizing resonances on a small wave-
length step (~ 0.5 A) and recording the angle-resolved
photoelectron spectra. The data was subsequently
analyzed and values of the asymmetry parameter and
the branching ratios derived.

Il. EXPERIMENTAL

The major features of the apparatus has been de-
scribed previously.?® Briefly, the equipment con-
sists of 2 2 m normal incidence monochromator at-
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tached to the NBS SURF-II storage ring.*® This pro-
vides useful monochromatic radiation for ionization ex~
periments from 400 A upward. Attached to the mono-
chromator is a chamber containing a rotatable 2 in.
mean radius hemispherical electron energy analyzer.
The analyzer is operated in a mode such that when com-
bined with a monochromator band pass of 0.5 A the net
electron energy resolution is about 120 meV. It should
be noted, however, that for purposes of studying fine
structure in the absorption spectra, the important fac-
tor is determined by the resolution of the monochroma-
tor.

The light intensity and polarization is continuously
monitored during the course of an experiment with a
set of tungsten photodiodes and a triple reflection gold
surfaced polarization analyzer. A typical experiment
consisted of selecting a particular wavelength and ob-
taining photoelectron spectra at three different angles
with respect to the major axis of the partially polarized
light. The three angles were used for redundancy and
as a check for systematic errors. The data is stored on
floppy disks by a LSI-11 Camac based data acquisition
system for later analysis.

The analysis consists of a fit to a set of Gaussian
base functions using the vibrational parameters sug-
gested by Frey et al.?® The fit involves a nonlinear
least-squares analysis to the assumed form where the
widths and amplitudes are free parameters. In gen-
eral, this program converges to a common value for
width so that these parameters can usefully be fixed to
expedite analysis. The spectrometer system ig cali-
brated for energy and angle as discussed by Holland
et al.?! The program for fitting utilizes the various
corrections and calculates branching ratios and asym-
metry parameters from the parameters generated by
the fit.

The sample was a commercially obtained sample of
99. 8% stated purity. The gas was used without further
purification, The sample pressure in the chamber was
on the order of 5.0X107 Torr. The pressure in the
interaction region was higher due to the directed nature
of the inlet jet. A capillary light tube 12 in. long iso-
lates the experimental chamber from the monochroma-
tor and storage ring which are thereby maintained at
least three orders of magnitude lower in pressure,

11t. RESULTS AND INTERPRETATION

The principle vibrational progressions in the ground
state of COj} are the (», 0, 0) transitions with Franck-
Condon factors of 0.82 for the (0,0, 0), 0,15 for the
(1, 0,0), and 0,02 for the (2,0, 0).% A theoretical dis-
cussion of the Franck-Condon factors in CQ, is given by
Sharpt and Rosenstock.3® Turner® gives a value of
0.017 for the Franck—Condon factor for the (0, 0, 2)
mode. It is apparent from inspection of Fig. 1 that the
simple (z, 0, 0) progression does not adequately describe
the photoelectron spectra at this wavelength. This spec-
trum was taken in the region of the n=3, »=0 member
of the Henning Sharp series which has as its limit, the B
state of CO;. The solid vertical lines represent the
positions of the (n, 0, 0) levels with the line through the
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FIG. 1. Photoelectron spectra of CQ, taken at a wavelength of

751.7 A. The vertical scale is electron counts per unit energy
per unit light flux in arbitrary units. The heights are adjusted
to 100 for the largest value. The solid vertical lines are the
positions of the first five vibrational levels of the v, series
used in the fit. The solid line represents the computed fit to the
data.

points being the best fit with this set of parameters.
Clearly, at about 14 and 14,3 eV the structure is not
adequately accounted for. The inability of the analysis
to correctly account for the observed structure suggests
that the single non-Franck~Condon progression model
is inadequate, Several things were tried to improve the
fit, including allowing for excitation of a quantum of the
v, and v vibration. The approach that seemed to yield
the best fit was allowing for single excitation of the v,
mode for excitation of the v; mode withn=1, 2, and 3
quanta of excitation, To account for the high binding en-
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FIG. 2. The same data and axes as in Fig. 1. The solid bars
represent position and relative amplitude of the main vy vibra-
tional progression in the fit. The open bar represents the three
vibrational levels of the form {n, 1, 0) of the v, progression
needed to fit the data.
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FIG. 3. Photoelectron spectira of CO, taken at 747.8 A, 86

meV from that of Figs. 1 and 2. This is the region of a smaller
peak near the large resonance at 752,2 A. The scales are the
same as in Fig. 1. The data was fit rather well with a simple
model of a vy progression with very non-Franck—-Condon be-
havior.

ergy tail visible in Fig. 1, values of the quantum num-
ber for the principle progression of up to ten were used.
This tailing was real and cannot be attributed to scat-
tering or other experimental artifacts. This structure
was unresolved and hence could be due to other vibra-
tional excitation as well. The principal progression
was used to obtain an estimate of the total intensity.
The amplitudes of the higher members of the progres-
sion are not plotted in the figure since their identifica-
tion is uncertain, Photoelectron spectra taken away
from these resonance positions did not show this be-
havior.

The use of a single quanta of excitation of the v, mode
violates the normal selection rules as would a model
giving single excitation of the v; mode. The inescap-
able conclusion of the present fitting test was, how-
ever, that a selection rule breaking transition was in-
volved and the best fit is given when v, excitation is in-
volved. Frey et al.?® found the v, excitation in single
quanta in their threshold photoelectron spectra of CO,
as well,

The result of including these excitation is shown in
Fig. 2, The computed fit fits most of the data extreme-
ly well. The positions and relative strengths of the
additional levels are shown in the open bars. It should
be noted that it was unnecessary to include the excitation
(0,1,0). Attempts to do this resulted in poorer fits;
The heights of the solid and open bars represent the in-
tensities given to the excitations at these points. This
type of fit was necessary in the region of the major ab-
sorption peak (752.2 A). Away from this narrow re-
gion, there was no evidence for the additional excitation
among the wavelengths studied in this work,

Figure 3 gives the photoelectron spectrum taken near
the n=5, v=1 state which has as its limit the A state of
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CO,. Even though the intensity pattern is very non-
Franck—-Condon, the spectrum can be accounted for by
the varying intensities of the principle vibrational pro-
gression. The same was observed for the window re-
gion around 680 A. In all of the regions studied, the
lack of complete resolution made the determination of
the substructure somewhat ambiguous., There is evi-
dence for selection rule breaking transitions in the pho-
toionization of COZ® but the intensities and lack of the
(0,1, 0) mode in one case are not readily explained. The
fitting routines used here and the appearance of the spec-
tra do indicate a substantial substructure but the un-
ambiguous determination of the exact nature will await
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FIG. 4. The CO} X II, vibrational branching ratios and total
electron count for the resonance in the 750 A region. The
branching ratios are the fraction of a given peak area to the
total electron intensity in the 1.6 eV electron energy range
spanned in Figs. 1-3. It should be noted from Figs. 1-3 that
the photoelectron spectra do not go to zero at higher binding
energies, indicating there are stiil other vibrational excitations
ignored here. The designation (0,0,0) means v4=0, v, =0,

vg =0 for the state of the ion given, The sum (n,1,0) indicates
the sum of the substructure where n=1-3. The remainder is
the residual intensity not accounted for in the other designated
curves.
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FIG. 5. The CC} X21'IA, asymmetry parameters g for the 750 A
region resonances. The top figure is total eleciron count for
use as a reference. The graphs are labeled as described in
Fig. 4.

higher resolution experiments. The main features of
the discussion, however, are not substantially altered by
this.

V. 750 A REGION

The wavelength dependent results for this region ana-
lyzed as discussed above are shown in Figs. 4 and 5.
Figure 4 gives the total counts {integrafed over the
CO} X %Il band) and branching ratios as a function of
photon energy. The total counts follow the same gen-
eral shape as the photoionization curve of McCulloh.
The slit width of the monochromator is shown. The 5,TO
member of the Tanaka-Qgawa series at 16.445 eV is
not clearty resolved. The 5,TO series member is at
16.58 eV and is resolved. The main peak is the 3,5
member of the Hennings sharp series.

The branching ratios for the first three levels of the
v, progression are shown, as is the sum of the branching
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ratios of v, series. The final graph shows the intensity
in the remaining unresolved structure at higher binding
energy which is presumably due mainly to higher mem-
bers of the v, progression with possibly v, excitation
and other modes and combinations as well. Near the
resonances, the (0, 0,0) and the (1,0, 0) intensities drop
considerably from the background levels of approxi-
mately the Franck—-Condon values of 0.82 and 0. 15,
respectively. The intensity in the substructure at-
tributed to the v, series rises in the region of the 3,5
level and makes insignificant contributions eisewhere.
The remainder rises in regions of all the resonances
including the small bump at 16. 45 eV which is due to the
5,TO level which is not clearly resolved in the total
cross section as given at the top of the figure.

Whatever the exact nature of the substructure which
we have attributed to the v, vibrations, it only effects
the X ®Tlg ground state when it is populated by the 4,S
level of the Henning series. This would suggest that
this member of the Henning series contains distortions
from linearity which allows for the population of the
antisymmetric modes of the X ®Ilg ground state, The
other thing to note is that very high vibrational mem-
bers of the v, progression are being excited via the
autoionization even though the vibrational quantum
numbers of the autoionizing levels are 0 and 1. Note
that this example of electronic autoionization does not
follow this propensity rule in vibrational autoionization
which suggests the smallest possible Ay.**

Figure 5 gives the v-dependent photoelectron asym-
metry parameter g for this region of the spectra. The
(0,0, 0) level has a background value of about — 0.4 on
the low energy side and of about - 0.5 on the high energy
side. Grimm et al.™ give a value of — 0. 33 for the
(0,0,0) level at 750 A (16.351 eV). Their resolution was
2 A which integrated a portion of the data shown here
but nevertheless gives a comparison. This is the only
directly comparable g value. The 8 value increases
above background for all three autoionizing levels but
particularly so in the region of the 3;S level. There
is structure in the value of B for the vibrational modes
(1,0,0) and (2, 0, 0) in the regions of the autoionization
as well. The bottom graph in the figure is given for
completeness only, The values for 8 depend sensitively
upon the calculated peak heights by the fitting routine
and since the structure is not clearly resolved, the er-
ror in these §’s is large. The changes in § are signi-
ficant if it is kept in mind that the total range possible
for Bis +2to - 1.

V. 680 A REGION

The branching ratios for the window and absorption
series in the 680 A (18.23 eV) region is shown in Fig.
6. The top graph is the photoionization efficiency of
McCulloh? normalized to the absorption cross section
measured by Lee and Judge.* Our measured nor-
malized total photoelectron count does not follow the
intensity profile that the total photoionization cross sec-
tion does. This is most likely due to the fact that com-
peting decay mechanisms can lead to depopulation of
the excited autoionizing levels. The energy of these
resonances is above the energy of the X, A, and B states
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FIG. 8. The branching ratios for the COj X 21‘1‘ in the vieinity
of the resonances near 680 A. The cross section as derived
from the literature is shown at the top. See the text for de-
tails. The curves are labeled as in Fig. 4.

of molecular CO;. As a consequence, the autoionizing
levels can selectively decay to the various states and
this may well be a function of energy. Baer and Guyon
have found this to be the case in a similar resonance in
CO, they studied at a 18.67 eV.3 They found that there
is a competition between direct decay to the ground state
and fluorescent channels via the A and B state, These
rates were found to vary as a function of the photon
energy. The elucidation of these processes will await

a future study.

The branching ratios shown in Fig. 6 do not show any
rapid fluctuations characteristic of the autoionization
lines. The intensities in this region are not far removed
from the Franck~Condon values for the vibrational
transition amplitudes. The asymmetry parameters
shown in Fig. 7 do show variation, particularly the
weaker vibrational members,

The photoelectron spectra were fit quite adequately
by a simple model of the v; progression, The ampli-
tude of peaks with quanta greater than three was almost
negligible, hence, all the amplitude was in the first
three or four peaks with no substructure discernable,
quantitatively different from the peaks in the 750 A
region.

CONCLUSION

We have mapped the variation of vibrational branch-
ing ratios and the v-dependent asymmetry parameters
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FIG. 7. The v-dependent asymmetry parameters for the
(ole 4 X’H, state for incident radiation in the 680 A region. The
curves are labeled as in Fig. 4.

within two types of autoionization resonances in CO;.

The first at 750 A could only interact with continua from
the ground state manifold, whereas the second at 680 A
could interact with the continua of several electronic
states. It is apparent from this first look that situa-
tions like the latter will demand a complete look at all
the decay channels to parametrize the reaction., At this
time, there is no complete theory of autoionization and
its effect on branching ratios and asymmetry parame-
ters. For example, the multiple scattering model®” has
had considerable success in predicting the qualitative ef-
fects of shape resonance upon the vibrationally resolved
branching ratios and asymmetry parameters but does not
address multielectron processes such as autoionization.
Dill and Jungen,*® and Roault and Jungen®® have worked
out a detailed theory for the photoionization of molecuiar
hydrogen. The theory uses spectroscopically determined
parameters and multichannel gquantum defect theory.

The resulting differential cross section contains in-
formation on the appropriate transition amplitudes and
phases for alternately accessible vibrational channels

in that molecule. The theory was successful in fitting
the available photoionization data®® on relative cross
sections but remains experimentally untested with re-
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gard to branching ratios and asymmetry parameters.
Other developments*!’# in the area of computing vi-
brationally resolved molecular photoionization have
occurred recently, however, none have proceeded
enough to account for the autoionization effects such as
those observed here, except in the case of H,. We hope
that the present data helps stimulate progress in that
direction,

The complexity of molecular photoionization demands
that a theory of the autoionization be able to account for
the additional interactions and decay channels that a
molecule has in addition to electronic de-excitation.

In particular, the vibrational coupling between the auto-
ionizing transition state and the initial and final state
must be accounted for. The mediation of the photo-
ionization process by the autoionizing state allows the
electronic motion to exchange energy and angular mo-
menta with the nuclear motion. This results in vibra-
tional intensity distributions and even in additional
modes of excitation in molecules which are not pre-
dictable by application of the Franck~Condon principle.
As shown here, the 752.2 A absorption line in CO, gen-
erates vibrational populations of CO; X "‘H, differ dras-
tically from those in the 584 A spectra. As a conse-
quence, the resulting infrared de-excitation of the
ground state will have additional components and inten-
sities. In the case of the 750 A region autoionization,
there was qualitative differences between the additional
excitation due to the three autoionization lines. This
could be interpreted as being due to different geometries
of the Rydberg levels and a different coupling to the
CO; X211, ground state, In the case of the 680 A reso-
nances, the problem even becomes more complex be-
cause of the competition between the various final state
continua and fluorescent channels, The types of mea-
surements to be made which will enable a complete
characterization of the dynamics of molecular photo-
ionization against which theoretical developments can
be tested.
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